Abstract:
INTRODUCTION
The physis of the distal femur is inherently weaker than the ligaments of the knee. Therefore, if an injuring force is applied to this area, a physeal fracture will more readily be produced rather than a disruption to the surrounding ligaments of the knee [1, 2] . A fracture to the distal femoral epiphyseal plate injury is frequently the result of high-energy forces. Common mechanisms of injury include motor vehicle accidents (including pedestrians and cyclists), sports-related injuries and falls [3 -5] .
A distal femoral physeal injury in children is fraught with numerous potential complications [4, 6 -9] . Complete or partial growth arrest is commonly seen, which may manifest clinically in leg length discrepancy and angulation deformity [9] . Additionally, limitation on knee motion, quadriceps atrophy, osteomyelitis or osteoarthritis may result from this injury [9 -11] . A meta-analysis by Basener [23] studying distal femoral physeal fractures reported an incidence of 52% in growth disturbance, with 22% of the growth disturbance greater than 1.5cm. Arkader et al. [22] , similarly reported a complication rate of 40% following distal femoral physeal fracture with growth arrest being the most common
In treating distal femoral physeal fractures, surgery is thought to have less risk of re-displacement of the facture, yet this treatment modality is not without risks [12] . Potential surgical complications include osteomyelitis, injury of surrounding structures including vascular injury, nerve injury and growth plate injury [3, 9, 12] . For conservative treatment, complications relate to re-displacement of the fracture [5] .
Previously published case studies show a degree of inconsistency in implementing surgical and conservative treatments for similar fractures and presentations. Generally, current practice for distal femoral physeal fractures is for nondisplaced SH I fractures to be managed conservatively in a fulllength leg cast or hip spica. If displacement does exist, closed manipulation with a cast may be used. Internal fixation involving K wires or pinning through the epiphysis offers another option for this fracture type. Non-displaced SH II fractures may be managed non-surgically but must be monitored closely for loss of reduction. Displaced SH II as well as SH III and IV have been managed surgically, although exact methods of surgical approach and devices vary [4, 6, 7, 11, 13] .
In a search of available literature, no systematic literature review was located evaluating the most effective treatment methods for distal femoral physeal fractures. The purpose of this review was to use available evidence to identify the best treatment for these injuries.
MATERIALS AND METHODS
A three-step search strategy was utilized in this review to identify both published and unpublished studies from 1 January 1990 until 8 January 2017. An initial limited search of PubMed, Embase and Scopus was undertaken followed by an analysis of the text words contained in the title and abstract, and of the index terms used to describe the article. A second search using all identified keywords and index terms was then undertaken across all included databases. Thirdly, the reference list of all identified reports and articles was searched for additional studies. Studies were considered from any country with the article available in English. Studies published from 1990 onwards were considered for inclusion in this review to ensure comparable and up to date treatment modalities.
An initial search strategy was developed for the PubMed database (Appendix I). It was then minimally modified to apply to the other selected databases. The databases searched included: PubMed, Embase and Scopus. Grey literature was searched through the Scirus database. Papers that met inclusion criteria presented at conferences or meetings hosted by state or national orthopaedic associations were also considered for inclusion.
This review considered studies that evaluated surgical and conservative treatments for distal femoral growth plate fractures in the acute hospital setting. Surgery was defined as a treatment either by incision or physical manipulation with hardware fixation by a surgical doctor in a surgical theatre, for example, open reduction internal fixation. In contrast, conservative treatment was defined as any treatment for a distal femoral physeal fracture not involving hardware fixation such as closed reduction and application of a splint.
This review considered studies that included the following outcome measures:
Rate of growth of the distal femur with different [1] treatment strategies determined by the presence or absence of Harris growth arrest lines on X-ray or measured by absolute or relative leg length discrepancy. Angular or rotational deformity, measured radio- [2] graphically in accordance with the appropriate technique described by Dror Paley [14] . Secondary outcomes: return of function, pain levels, [3] non-union, complications of surgery and length of hospital admission Full texts of potentially relevant studies were retrieved and further assessed against the review inclusion criteria to determine final eligibility. Eligible studies were assessed for methodological validity by two independent reviewers. Reviewers discussed any differences and discrepancies upon completion of their independent review. Following discussion, there were no outstanding disagreements between the reviewers and as such discussion with a third reviewer was not required. Data were extracted from the studies and integrated into a standardised data extraction proforma, modelled on the Joanna Briggs Institute quantitative data extraction tool from JBIMAStARI (Appendix II). This provided a structure for comparisons to be made between studies.
The data extracted included inclusion and exclusion criteria and patient factors such as age, sex and mechanism of injury. Where possible, individual patient data were extracted. Injury factors such as SH classification, grading of displacement, associated primary injuries including vascular injury, nerve injury, compartment syndrome and other bony injuries were considered. Treatments provided were recorded. Outcomes evaluated included normal growth, function or complications such as growth arrest, post-surgical infection, loss of reduction and patient limitations. The type of statistical analysis used was recorded, where described.
The methods were detailed in an a priori protocol, published in the Joanna Briggs Institute Database of Systematic Reviews and Implementation Reports [15] . Despite this, there were insufficient studies with comparable patient characteristics and outcome measures to pool data for individual SH distal femoral physeal fractures. It was therefore not possible to perform meta-analysis on this dataset. Instead, a narrative synthesis accompanied by tabular presentation of the results was performed.
RESULTS
From the search of databases and for grey literature, 7740 studies were identified. From these, 7425 were omitted after review of the title. There were 315 abstracts reviewed to determine eligibility. After review of the abstracts, removing duplicates, studies outside the date criteria, or not in English, 61 studies remained. After review of these full text articles, 45 studies were excluded as they did not satisfactorily meet the inclusion criteria. Sixteen case series studies were appraised, of which one study was excluded at this stage as there was inadequate detail of primary outcomes [16] . The process of study identification, selection and inclusion is illustrated in (Fig. 1) .
All 15 studies were retrospective case series with patient numbers of between six and 151 patients. All were Level 4 evidence, according to the JBI Levels of Evidence [17] . There were no higher-level evidence papers identified by the search. Although typically containing a small number of subjects, this study design allowed moderately detailed descriptions of the subjects, injuries and outcomes.
Patients were followed up between two months to 19 years post injury but follow-up durations also included until skeletal maturity or the conclusion of growth [18] .
Overall, from the 15 included studies, 466 patients were evaluated. Patients ranged in age, from 0 to 18 years. The majority of patients were male (213 males, 64 females). Exact participant demographics could not be determined as not all studies listed their patients' sex, others included data from other physeal fractures, and also patients lost to follow-up were not accounted for in the demographic data.
The injuries studied were generally due to high-energy mechanisms of injury and were of low incidence within tertiary paediatric hospitals. The most common mechanisms of injury included motor vehicle accidents, motor cycle accidents, sport related accidents including American Football, bicycle injuries, winter sports such as skiing and crush injuries. Two obstetric injuries were also included.
There were 70 cases of SH I, 276 of SHII, 58 of SHIII, 45 of SH IV, three of SHV and eight of SHVI injuries (Appendix III). Ten open fractures were included. Sixteen cases had neurovascular injuries on presentation. This included 12 peroneal palsies and four vascular injuries.
In total, of the 466 patients, 206 were listed as being managed conservatively and the remaining 233 were managed surgically. Details of the type of intervention in studies evaluating both surgical and conservative therapies are available in Table 1 . Twenty-seven patients did not have their specific treatment listed.
There appeared to be little change in treatment methods throughout the studied period, with the exception of traction which is now used less frequently in Western countries [5] . Where possible, factors which might influence the outcome of the treatment were noted. This review set out to assess outcomes for treatments of distal femoral physeal fractures. Due to inadequate patient data, it was not possible to assess the primary outcomes (rate of growth, angular or growth deformity, and incidence of complications) for each SH type of distal femoral physeal fracture, according to the specific surgical or non-surgical treatment provided. Secondary outcomes such as the return of function, pain levels, non-union, specific complications of surgery and length of hospital stay were not provided in sufficient detail to enable assessment.
Rates of complications were not specifically reported for each follow-up frequency and duration in any of the papers. However, this was on occasion attainable when individual patient data was reported. For X-ray investigations, there did not appear to be any clear radiographic protocol for how the Xray was taken. None of the studies described the presence of Harris growth arrest lines -the widely accepted method of radiologically diagnosing growth arrest. For leg length discrepancy, no studies differentiated between absolute or relative leg length discrepancies. The method of measuring an angular deformity was not described throughout. Length of stay in hospital and a comment on the cost and resources required to perform certain treatments were not provided.
Whilst one of the 15 papers showed that surgical intervention was associated with a better outcome than conservative means, another showed a trend towards this [3, 12] . Three other papers contradicted this, indicating that an operation would yield a worse outcome [19 -21] . Given these papers had very small patient numbers and insufficient patient detail, no conclusions can be drawn to suggest a superior management strategy.
Throughout the total population of surgical and conservatively managed patients, leg length discrepancy was noted in 55 cases; there were 122 cases of angular deformity present in 122 cases and radiological evidence without clinical signs was seen in 37 patients. Growth arrest that might have had angular deformity, leg length discrepancy or both was seen 87 times.
Overall, across the 15 studies, the complication rate in the surgical population was 37.8% in comparison to 34% in the conservatively managed patients with distal femoral physeal fractures.
Of all cases reported, 15 predominantly conservatively managed cases lost reduction. In total, 34 of the cases required further corrective surgery. Five cases of significant pain were reported and infection arose in five cases of the surgically managed patients. There were 57 cases of knee limitation in range of motion, 22 cases of ligamentous laxity, and 42 cases of thigh atrophy. It is not understood at which point these outcomes were measured and what further treatment for the knee stiffness, thigh atrophy and ligamentous laxity was undertaken to make further comment on its effect on the patient.
Of the 15 papers, five showed SH classification to correlate with prognosis [3, 13, 18, 19, 22] . In contrast, only one paper highlighted a varying outcome based on displacement whilst another paper showed the injury mechanism related to the outcome [13] . Patient age was also seen by another paper to influence the result for patients [4] (Appendix IV). 
DISCUSSION
With a range of treatment strategies, the rate of complication in the surgical population was 37.8%. In the conservative population, the rate of complication was marginally lower at 34.0%. A reason that the complication rate was higher in the surgical group could be that a higher energy mechanism of injury would distribute a more violent force and disruption to the growth plate, resulting in fracture displacement. Displaced fractures are more commonly treated by open reduction as a closed reduction would be less successful in placing the fragments back in their original position. A systematic review by Basener et al.. found that displaced fractures were associated with a four-fold higher risk of growth arrest than non-displaced fractures [7] .
Another factor contributing to the poorer prognosis of surgically managed patients could be the SH classification of the fracture. As noted in Section 3.4, five of 15 papers showed that SH classification was correlated with prognosis, again potentially impacting the results if not factored in. An example of the reasoning is that a conservatively managed SH I injury is likely to have an improved outcome in comparison to a surgically managed SH V injury and should not be compared. This is in line with the literature for SH I injuries which also suggests that SH I injuries have a low complication rate [29] .
The higher complication rate with longer follow up observed suggests the importance of long term follow-up until skeletal maturity to ensure complications are detected and therefore able to be addressed. The review did not, however, identify sufficient data for comparisons of follow-up frequency to be made.
One study demonstrated that the presence of displacement, not direction, as well as the SH classification, did influence the patient's outcome in terms of growth or angular deformity [6] . They also demonstrated a trend, without statistical significance, that Steinmann pins across the physis led to double the number of complications compared to a physeal sparing approach. However, in 2011 another study showed that smooth pins across the physis were not statistically associated with physeal bar formation [13] .
The largest number of Type VI physeal injuries in the literature was included in this review [26] . Of their eight minimally displaced distal femoral physeal fractures, the focus was on conservative management with minimal issues noted. In contrast, a different study with varying types of growth plate fractures, demonstrated a 75% complication rate in four patients managed with a closed reduction in an emergency department [12] .
With respect to imaging modalities, one study demonstrated that X-ray, in comparison to higher order imaging such as Computed Tomography (CT) or MRI, significantly underestimated the displacement of a fracture [25] . Magnetic resonance imaging is advantageous in also detecting ligamentous, soft tissue injuries and early bar formation [25, 29, 30, 31] .
From this review, due to the lack of quantitative evidence, it appears that the best management of fractures of the distal femoral physis is based on the following principles, supported by expert opinion.
Patients with tenderness over the distal femoral growth plate and are unable to weight bear should be treated as an undisplaced SH I injury with a full leg cast for four weeks, a grade B recommendation according to the Joanna Briggs Grades of Recommendations (79). Magnetic resonance imaging is required for confirmation. If the child is obese or has a muscular thigh, a hip spica cast may provide improved stability across the fracture site [4] . The risk of joint stiffness is less of an issue in the paediatric population.
Children with a displaced SH I fracture should be managed with a gentle closed reduction and cast in theatre with image intensifier validation of adequate joint reduction, a grade B recommendation [12] . These fractures are more stable than SH II and over, thus they may not need any fixation. If there is concern about re-displacement, retrograde crossed physeal wires are suggested. These 'pins' are associated with a low risk of growth arrest and may be supplemented with a cast [13] .
Undisplaced SH II fractures may be managed in a cast with repeat X-ray in one week (grade B recommendation) (79). At one week, if displacement exists, options include closed reduction and K wires or open reduction internal fixation (grade B recommendation) (79). If the displacement is detected beyond a week after the injury, mild displacement is better left to remodel.
For displaced SH II fractures, reduction and K wires are sufficient if it is a small metaphyseal fragment. For larger metaphyseal fragments, one to two cannulated screws may be used, supplemented by a long leg cast (grade B recommendations) (79).
Salter Harris III and IV fractures should all be managed surgically with fixation to prevent displacement from their inherent instability, a grade B recommendation. Higher order imaging is suggested to better appreciate displacement and articular step, and for pre-operative planning [25] . For screw placement, a 'safe triangle' exists between the physis, the roof of the intercondylar notch (Blumensaat's line) and the trochlear groove [25] .
Salter Harris V fractures are difficult to detect and in the largest case series, all six of the SH V fractures were initially missed [4] . These have also been labelled as Peterson Type 6 injuries (14). One must therefore have a high index of suspicion with these injuries and obtain higher order imaging such as CT or MRI for further evaluation. It is suggested that these injuries are managed with initial surgical debridement before a physeal bar is to be expected (grade B recommendation) [14] (79). The management is then directed at addressing of the angular and leg length discrepancy in the medium term.
The study by Havranek, the largest SH VI cohort published, suggested that for minimally displaced SH VI injuries of the distal femur, patients faired adequately with immobilisation in a plaster cast [26] .
CONCLUSION
It appears that more severe fractures, determined by the amount of displacement and Salter Harris grade, are associated with a less favourable outcome. This review did not identify any comparative studies that deviate from standard practice and manage the more severe distal femoral physeal injuries conservatively. It appears that managing higher severity distal femoral physeal injuries conservatively would be less likely to achieve and maintain reduction and therefore associate higher risks of malunion with subsequent growth arrest, leg length discrepancy and angular deformity, as compared with surgical intervention. Further studies with higher patient numbers and comparable cohorts are needed to compare surgical and conservative interventions for the lower severity distal femoral physeal fractures.
The diversity of paediatric injuries and clinician training suggests that each case must be assessed and treated on an individual basis with available resources in mind. 
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